The measurement of the properties of the recentlydiscovered [1] 125 GeV Higgs boson is central to particle physics over the next decade [2] . These properties, in particular the couplings of the Higgs boson to other Standard Model (SM) particles, probe the underlying cause of electroweak symmetry breaking. Searches for exotic decays of the Higgs boson further provide a probe for new physics which may be coupled to the SM solely through Higgs interactions [3] . Sensitivity to the Higgs boson couplings at the CERN Large Hadron Collider (LHC) comes primarily from measurements of "signal strengths," i.e., of the rates of Higgs production and decay in particular production modes and into particular final states. On the Higgs resonance, the couplings can be parameterized by a collection of multiplicative factors κ i [4] that modify the corresponding SM couplings. The on-resonance rate in a particular production and decay channel can then be expressed in the zero-width approximation as
where σ i is the Higgs production cross section in production mode i, Γ j is the Higgs decay partial width into final state j, Γ tot is the total width of the Higgs boson, the corresponding quantities in the SM are denoted with a superscript, and Γ new represents the partial width of the Higgs boson into new, non-SM final states. Rate measurements in all accessible production and decay channels are combined in a fit to extract the coupling factors κ i . This fit possesses a well-known flat direction [5] ; for example, one can imagine a scenario in which all the coupling modification factors have a common value κ i ≡ κ > 1 and there is a new, unobserved contribution to the Higgs total width, Γ new > 0. In this case the Higgs production and decay rates measurable at the LHC are given by
All measured Higgs production and decay rates will be equal to their SM values if
where the Higgs branching ratio into nonstandard final states is
In particular, a simultaneous enhancement of all the Higgs couplings to SM particles can mask, and be masked by, the presence of new decay modes of the Higgs (such as light jets [6] ) that are not directly detected at the LHC. Naturally, the elimination of this loophole in LHC Higgs coupling measurements has become a high priority.
2 Two novel techniques have been proposed since the Higgs boson discovery that offer direct sensitivity to the product of the Higgs production and decay couplings in selected channels, and hence, via the corresponding signal strength, to the Higgs total width. The first makes use of the tiny shift in the reconstructed Higgs resonance position in the gg → h → γγ invariant mass spectrum caused by interference between the signal and the continuum background [15] [16] [17] . This method is robust against new-physics effects, but is not very sensitive: with the full 3000 fb −1 high-luminosity LHC dataset this technique may ultimately be able to constrain Γ tot < 15 Γ SM tot [17] . The second uses the contribution of off-shell gg → h * → ZZ production to the total gg → ZZ rate above the ZZ production threshold [18] [19] [20] . 3 Away from the h resonance, the off-shell gg → h * → ZZ cross 1 Measuring such an enhancement in the Higgs couplings would be straightforward at a lepton-collider Higgs factory such as the International Linear Collider (ILC), where a direct measurement of the total Higgs production cross section in e + e − → Zh can be made with no reference to the Higgs decay branching ratios by using the recoil mass method (see, e.g., Ref. [7] ). 2 The flat direction can be cut off by imposing additional theoretical assumptions, such as the absence of new, unobserved Higgs decay modes [5, 8] or the imposition of κ W , κ Z ≤ 1, which is valid when the Higgs sector contains only isospin doublets and/or singlets [9] . However, viable models exist in which κ W,Z can be significantly larger than 1, such as the Georgi-Machacek model with isospin-triplet scalars [10, 11] (for a recent update of the allowed enhancement of κ W,Z see Ref. [12] ) and a model with an isospin-septet scalar mixing with the usual doublet [13, 14] . 3 The W W final state can provide additional sensitivity [21, 22] .
section is proportional to κ 2 g κ 2 Z , while on resonance the corresponding gg → h → ZZ cross section is proportional to κ 2 g κ 2 Z /Γ tot . Thus a combination of the on-and off-resonance measurements can be used to place an indirect constraint on Γ tot .
This second technique has already been used by the CMS and ATLAS experiments to set upper bounds on the Higgs total width [23, 24] :
where the range in the quoted ATLAS limit represents theoretical uncertainty in the background cross section. Along the SM-mimicking flat direction κ
, these bounds translate into quite stringent bounds on the common coupling modification factor κ and the Higgs branching ratio to non-SM final states:
for CMS and ATLAS, respectively. It has already been pointed out [25] [26] [27] [28] [29] [30] that these bounds must be interpreted with great caution. In particular, the CMS and ATLAS bounds rely on the assumption that the product of coupling modification factors κ 2 g κ 2 Z is independent of the center-of-mass energy √ŝ ≡ m ZZ of the process. This assumption comes into play because the on-resonance signal strength measurements depend on the coupling values at m ZZ = 125 GeV, while the sensitivity to the off-shell Higgs contribution to continuum gg → ZZ comes from the high ZZ invariant mass region m ZZ > 2m t 350 GeV. This assumption can break down if the ggh coupling is modified due to a new weak-scale particle running in the loop [26, 29] or if either of the couplings is modified due to the contribution of momentum-dependent dimension-six operators [25] [26] [27] [28] [29] [30] that parameterize the effects of new physics at a scale above the direct kinematic reach of the measurement.
In this paper I point out a novel way in which an enhancement of the Higgs total width can go undetected in the gg (→ h * ) → ZZ analysis. I consider the scenario in which the Higgs couplings to top quarks and W, Z bosons are modified due to an extended Higgs sector, and there are no new light colored degrees of freedom running in the ggh loop, so that κ g = κ t neglecting light quark contributions. When the product of coupling modification factors κ t κ Z = 1, the discovered Higgs boson h by itself no longer unitarizes the tt → ZZ scattering amplitude at high energy [31, 32] (indeed, the resulting linear growth of this amplitude with increasing center-ofmass energy is the origin of the sensitivity to κ g κ Z = 1 of the gg (→ h * ) → ZZ cross section measurement at high m ZZ [26] ). Of course, in a renormalizable model, unitarity is restored once contributions from the additional Higgs boson(s) are included. If the new Higgs boson(s) are light compared to the m ZZ range in which the LHC gg (→ h * ) → ZZ measurement obtains its sensitivity, their contribution to the Higgs-exchange amplitude largely cancels the modification due to κ t κ Z > 1. In this way the presence of new Higgs boson(s) below about 350 GeV can render the off-shell gg (→ h * ) → ZZ analysis insensitive to an enhancement of the h couplings, and hence to a corresponding new unobserved decay width of h.
For simplicity I consider the situation in which a single additional (undiscovered) neutral Higgs boson H completes the unitarization of tt → ZZ. In CPconserving two Higgs doublet models [33] this is the second CP-even neutral Higgs boson; in the GeorgiMachacek model [10, 11] this is the second custodialsinglet Higgs boson. H is usually taken to be heavier than h, though this is not necessary for what follows. Unitarity of the tt → ZZ scattering amplitude requires that
where the couplings of h and H relative to those of the SM Higgs are distinguished by a superscript. 4 In the enhanced-coupling scenario we can then write
Away from the h and H resonances, the sum of the amplitudes for gg → h * → ZZ and gg → H * → ZZ, normalized to the corresponding SM amplitude for a Higgs of mass m h , reduces to
where
ZZ is the square of the invariant mass of the two final-state Z bosons. 4 The couplings of h and H to top quarks and W and Z bosons can be written in the generic form
where α is the mixing angle that diagonalizes the h-H masssquared matrix and cos 
In particular, the scalar-exchange amplitude rapidly approaches its SM valueM = 1 with increasing p 2 . 5 This is shown in Fig. 1 , where I plotM for the product of couplings κ h g κ h Z ≡ 1 + ∆ = 2.31 corresponding to the CMS limit given in Eq. (6), and m H = 150, 225, and 300 GeV (dashed curves). 6 These should be compared to the situation in which only h exchange is considered, in which M = 1 + ∆ (solid horizontal line), in particular in the region m ZZ > 350 GeV where the LHC off-shell-Higgs measurement obtains its sensitivity.
The presence of an additional light scalar in such an enhanced-coupling scenario is not at all exotic. Indeed, one or more relatively light new scalars are required in weakly-coupled extended Higgs sectors when the couplings of h are significantly modified, due to the decoupling behavior of these theories [34] . For example, in the 5 Reference [29] studied the scenario in which the SM Higgs boson mixes with a light isospin-singlet scalar, leading to κtκ Z < 1 for the SM-like state, and observed the same return to the SM amplitude in the high-p 2 limit. 6 When m 2 h < m 2 H < p 2 , the amplitude in Eq. (10) is in fact suppressed compared to the SM expectation. This is due to the proximity of the H resonance with its negative product of couplings κ H t κ H Z = −∆, which interferes destructively with the h exchange diagram. This mirrors the enhancement of the 4 differential cross section at low invariant masses, shown in Fig. 8 of Ref. [29] , caused by the high-energy tail of the H resonance in the case of a light isospin singlet mixed with the SM Higgs, in which case the product of couplings κ H t κ H Z = cos 2 χ > 0. [39] . The unitarity relation [36] [37] [38] between κ h W,Z and the doubly-charged Higgs boson's coupling to W W then allows this directsearch limit to be translated into an upper bound on κ h W,Z [40] .
To summarize, the interpretation of LHC measurements of the gg (→ h * ) → ZZ cross section in the high m ZZ region as a constraint on the Higgs total width is invalidated if new light scalar degree(s) of freedom that unitarize the tt → ZZ scattering amplitude are present at energy scales below that at which the LHC measurement obtains its sensitivity. In particular, the gg → ZZ cross section in the high m ZZ region can be very SM-like even in the case that the product of couplings κ 
